Lipid metabolism in the "abortive" system, Sendai virus-infected primary chick embryo fibroblasts, was examined by using 32P-orthophosphate, '4C-glucose, and "4C-glycerol as precursors. Incorporation of radioactivity from 32P-orthophosphate and 14C-glucose into lipid was increased in infected cells. Synthesis of all individual phospholipids was about equally stimulated. There was also evidence for increased lipid synthesis in more productively infected monkey kidney cells. Incorporation of 14C-glycerol when at a high level in the medium was also increased. However, when this precursor was supplied in minute quantities of high specific activity, incorporation was inhibited. Even though incorporation of radioactivity from "4C-glucose was stimulated during long labeling periods, the uptake of this precursor during short pulses was inhibited in infected cells. The phenomenon of increased labeling of triglyceride in infected chick cells under certain conditions is discussed, in conjunction with the other effects, in terms of related changes in other virusinfected systems.
Sendai virus, a paramyxovirus, contains structural lipids. The lipids are part of the envelope of the virion acquired as the particle buds through the host cell plasma membrane. Although it is probable that at least some of the viral lipid is synthesized and incorporated into the cell membrane prior to virus infection (16, 32) , it is of interest to determine whether virus replication and the consequent production of viral structural lipids affect lipid metabolism of host cells. A study of lipid metabolism in Sendai virusinfected cells may also give some information about the composition of animal cell membranes and about such virus-induced membrane alterations as are manifested by cell fusion (13) and by the appearance of new surface antigens (11) .
During the course of this work, we learned that Shibuta and co-workers (26, 27) have shown that Sendai virus infection induces increased incorporation of 82p into phospholipids of chorioallantoic membranes and cultured chick embryo (CE), monkey kidney (MK), and bovine kidney cells.
The principal system used in this work, Sendai virus-infected chick fibroblasts, has been described as abortive (7) because little infectious virus is released, although large amounts of viral nucleocapsid accumulate in the cytoplasm (3). Sendai virus-infected MK cells were shown to produce about 10 times more virus than CE cells. These two systems were compared in similar experiments in an attempt to relate changes in lipid metabolism to the level of infectious virus production.
MATERIALS AND METHODS Virus. Sendai virus was kindly supplied by H.G. Periera. Virus stocks were produced in the chorioallantoic fluid of 10-day-old embryonated eggs. Infectivity was assayed by inoculation of embryonated eggs and measurement of hemagglutinin production.
Cell cultures. Chick fibroblast tissue cultures were prepared from 9-to 12-day-old embryos as described by Rubin (25) . Primary cells were seeded onto 90-mm plastic tissue culture dishes at a concentration of 107 cells per dish in medium 199 containing 10% tryptose phosphate broth and 2% calf serum.
A continuous line of rhesus monkey MK cells (LLC-MK2) was grown in Eagle minimal essential medium with 10% calf serum. They were infected after 48 hr of growth.
Infection of nearly confluent cell monolayers at a mutiplicity of infection (MOI) of 10 to 100 was carried out by either of two, methods. In the first tion. In the second method of infection, allantoic fluid, containing Sendai virus or virus-free, was added to cultures and later the medium was removed, cell monolayers were washed with warm phosphatebuffered saline (PBS), and warm fresh medium containing radioactive precursors was added.
Harvesting and fractionation of cells. After removal of medium, cell monolayers were washed once with PBS. Cells were usually dislodged by incubation for 10 min at room temperature in 2 mm ethylenediaminetetraacetic acid in PBS and scraping with a rubber policeman, and then were transferred to centrifuge tubes and washed once more with PBS.
Lipids were obtained by extracting cells overnight with 5 to 10 ml of chloroform-methanol (2:1; all ratios are expressed in volumes) per mg of dry cells and by repeating the extractions with similar volumes of chloroform-methanol (2:1) and chloroformmethanol (1:2) at 40 C for 1 hr. Lipid extracts were dried and washed by the method of Folch, Lees, and Sloane Stanley (10) .
Often delipidated cells additionally were extracted twice with 5 ml of 30% ethanol per mg of dry cells to remove small-molecular-weight material. Subsequent extraction of the insoluble residue with 5% trichloroacetic acid did not solubilize any additional material. Delipidated, ethanol-extracted 14C-glucoselabeled residues were hydrolyzed in sealed tubes with 2 N HCI at 100 C for 3 hr. The hydrolysates were then extracted with light petroleum and diethyl ethers. The aqueous residue was neutralized with Amberlite IR-45 (OH-) and passed through a small column of Dowex 50 (H+) to remove amino sugars and amino acids. The neutral eluate was chromatographed in ethyl acetate-acetic acid-formic acid-water (18:3:1:4) with several monosaccharides as markers. Protein content of the delipidated residue was determined by the method of Lowry et al. (18) .
Lipid analysis. Methods previously employed for analyses of bacterial lipids (5) the phenomenon was not confined to the less productive system. The only differences between the experiments shown in Fig. 1-3 (Fig. 4) . The amount of label in the bulk of lipids, the phospholipids, was reduced, thereby accounting for the reduced radioactivity in total lipid, and there was increased label in glycerol from neutral glyceride over that in control cells. Under these conditions, there was equal suppression of synthesis of all classes of phospholipids, as shown by paper chromatography of the glycerylphosphoryl derivatives and thin-layer chromatography of intact lipids (Fig.  5) . The additional radioactivity in the glycerol from infected-cell neutral lipid was shown by thin-layer chromatography to arise from triglyceride (Table 4) , and the reproducibility of the effect was also established. Also, under certain conditions (as when infection periods were extended) incorporation of 14C from glucose into CE cells and their lipids was inhibited, but incorporation into triglyceride was considerably increased (Table 4) . However, the effect was absent from cells labeled with '4C-glucose under the usual conditions (Table 4 ) and also when high levels of glycerol were present in the medium. Increased incorporation of 14C from 14C-glycerol into triglyceride was absent in MK cells (Table 4) under the conditions which brought about decreased overall incorporation into lipid ( water and homogenized briefly by vibration with a Vortex mixer. Samples were then counted for radioactivity (Table 5) . A definite and significant decrease in the uptake of glucose was observed in all experiments at short pulse periods, even in the first 30 min after exposure to virus. The time of termination of this effect varied independently of length of infection period. In one experiment, inhibition of uptake terminated within 15 min after the addition of glucose, whereas in others there was evidence for the effect after 20 Fig. 2 and 3 and Table 2 . Lipids from 14C-glycerol-labeled cells were chromatographed on plates of Silica Gel G in light petroleum-diethyl etheracetic acid (85:15:2), and the three groups of glycerides were located with iodine, cut out, and counted for radioactivity. Lipids from "4C-glucose-labeled cells were deacylated and chromatographed on paper as described in Fig. 5 .
b Figure in glucose. At extended periods of labeling (6 hr and over) there was no appreciable free glucose in the cell. The increased incorporation of glucose after 5 to 6 hr (Table 5) was only partially accounted for by the increased synthesis of phospholipid. There was also increased incorporation into the delipidated residue. A mean value of 1.80 i 0.23 (4 standard error from mean) over seven time points was found for the ratio of the total amount of C (from "4C-glucose) incorporated by infected cells to that incorporated by control cells. This material was hydrolyzed and treated as described above. Only about 1 of the radioactivity was in the form of covalently bound fatty acids; over 10% was neutral monosaccharides, principally glucose, galactose, mannose, and some unknowns. The remaining radioactivity apparently was amino acids and amino sugars. This excess radioactivity in virus-infected cells could be due to formation and accumulation of virus nucleocapsid (3) or other virus-specific intracellular components.
DISCUSSION
In this paper we present a large body of observations of changes in lipid metabolism in chick fibroblasts resulting from Sendai virus infection. Some of the observations are as yet unexplainable and may be specific to the system used, which is "abortive" in the sense that little infectious virus is produced although large amounts of virus precursors accumulate within infected cells (3) (16) and in tumors induced in chorioallantoic membranes by RSV (9) , it is probable that stimulated lipid synthesis is part of an overall enhanced metabolism. This applies particularly to the work with transformed cells (9) (20) showed that increased lipid synthesis in adenovirus-infected HEK cells could be induced by a purified component of the virus capsid. However, the demonstration by Shibuta et al. (26) that ultraviolet-inactivated Sendai virus does not induce increased phospholipid synthesis argues against this possibility for our system, and, because it is now known that Sendai virions possess an RNA-transcriptase (29) , it can be assumed that virus-specific RNA synthesis may begin immediately after uncoating.
In the case of picornavirus infection of mammalian cells (6, 22) , the need for new membranous structures has also been used to explain increased phospholipid synthesis, although the virions contain no lipid (1, 22) . Recent evidence, however, indicates that newly synthesized phosphatidylcholine is incorporated into cytoplasmic membranes other than those of the virus-specific RNA-synthesizing complex (24) . Lipid-containing membranes may also play a role in several stages of adenovirus replication (17, 19, 20 (28) . In the context of our present work, it is possible that virus attachment or replication blocks in some way the transport systems for glycerol and glucose. One can imagine that when there are low levels of these precursors in the medium, inactivation of a few transport molecules could considerably reduce precursor intake. When there are high levels of precursors in the medium, the reduced number of available transport sites is still sufficient to allow uptake to proceed at a slightly reduced pace, but this is not obvious due to stimulated lipid synthesis. Again, considerably more work is required to definitively establish these assumptions and the connection between glucose and glycerol transport and to show the role of altered transport properties in infection.
The inhibitory effect of Sendai infection on the uptake of glucose is the opposite of the effects of RSV and murine sarcoma virus (MSV) transformation (14, 15) . Cells transformed by both sarcoma viruses exhibit a marked and specific increase in sugar uptake. It is interesting that phosphoric acid uptake was not stimulated in MSV-transformed mouse cells (15) . The absence of Sendai virus-mediated inhibition of phosphate uptake in the present experiments would provide for the markedly enhanced synthesis of 32p_ labeled phospholipid in infected cells as compared to t4C-glucose-labeled lipid.
The observed increase in triglyceride synthesis in infected CE cells under conditions of overall depressed precursor incorporation is a phenomenon we find difficult to explain. Some of the lipids of infected cells may be synthesized at an enhanced rate under all conditions. Triglycerides and phosphoglycerides arising from either glucose or glycerol are synthesized by acylation of aglycerophosphate to yield phosphatidic acid, after which the pathways diverge. It is conceivable that in infected cells there is increased activity of the phosphatidic acid phosphatase or the diglyceride acylase. However, if this were so one would expect substantially more triglyceride synthesis when '4C-glucose was a precursor. There may be two pools of triglyceride in the cell or two separate pathways for its biosynthesis. The effect is interesting since there was increased percentage of incorporation of '4C-acetate into triglyceride under conditions of increased total lipid synthesis in both RSV-induced tumors (9) and adenovirus-infected HEK cells (20) . Therefore, the conditions under which increased synthesis occurs in Sendai infection are the opposite of those in other systems. One set of conditions necessary to demonstrate this effect involved extended infection with resulting decreased overall incorporation from '4C-glucose. At the early stages of adenovirus infection of HEK cells, incorporation of '4C-acetate into lipid was stimulated, but at later times the specific activities of the lipids extracted from infected cells showed a marked decrease.
